This study investigates the imitability of contextual vowel nasalization in English. Unlike other phonetic features reported to be imitable (e.g., vowel formants (Babel, 2012) , VOT (Nielsen, 2011)), vowel nasality is non-contrastive in English. Nasality is, however, systematically variable: words from dense lexical neighborhoods (high-ND words) are produced with greater nasality than words from sparse neighborhoods (Scarborough 2004 (Scarborough , 2012 . Two experiments were conducted to test 1) whether (experimentally manipulated) nasality can be imitated in a shadowing task, and 2) whether direction of manipulation (more or less nasality, enhancing or countering natural neighborhood-conditioned patterns) affects shadowing behavior. Subjects shadowed 16 high-ND words (which are naturally more nasal) containing a vowel-nasal sequence and modified by spectral mixing to exhibit either greater-than-natural (experiment 1) or less-than-natural (experiment 2) nasality. Both the increase and the decrease in nasality were imitated (though not overall degree of nasality, as our imitation model was more nasal in both conditions than any of our subjects). This change persisted into a post-shadowing task for just the less-nasal condition. These results indicate that speakers are sensitive to non-contrastive phonetic detail in nasality, affecting their subsequent production. Further, the naturalness of nasality (reflecting neighborhood-conditioned variation) may affect the pattern of imitation.
Introduction
This study investigates the imitability of contextual vowel nasalization in English. Nasal coarticulation in English occurs when a vowel is articulated with overlapping velum lowering due to an adjacent nasal consonant. Unlike other phonetic features reported to be imitable (e.g., vowel formants (Babel, 2012) , VOT (Nielsen, 2011) ), vowel nasality is non-contrastive in English. Since this nasality results in noncanonical vowel realization, it might be assumed that nasal coarticulation would be detrimental to speech perception (e.g., Lindblom, 1990 ). Yet, in English nasal coarticulation is completely predictable and thus predictive-its presence signals an upcoming (or preceding) nasal consonant-so, we might predict that nasality could actually be helpful to listeners (e.g., Beddor, 2009) . Additionally, nasality is systematically variable: words from dense lexical neighborhoods (high-ND words) are produced with greater nasality than words from sparse neighborhoods (Scarborough, 2004 (Scarborough, , 2012 .
This study is designed to test 1) whether (artificially manipulated) nasality can be imitated in a shadowing task, and 2) whether direction of manipulation (more or less nasality, enhancing or countering natural neighborhood-conditioned patterns) affects shadowing behavior.
Methods

Participants
A total of nineteen University of Pennsylvania undergraduates participated in one of two experiments (twelve in Experiment 1 and seven in Experiment 2). All were native speakers of English and received course credit for their participation.
Stimuli
Stimuli consist of 16 monosyllabic real English words containing a vowel-nasal (VN) sequence. Frequency-weighted neighborhood density (henceforth, ND), defined as the summed log frequencies of a word's neighbors, was calculated for each monosyllabic VN in the Hoosier Mental Lexicon (Nusbaum et al., 1984) . Neighbors were considered to be words that differed from the target word by the addition, deletion, or substitution of a single phoneme. Frequencies were taken from the CELEX database (Baayen et al., 1996) . Stimulus words used in the current study were selected from the top third of VNs in the Hoosier Mental Lexicon, ranked by ND. In other words, all of the stimuli have a high neighborhood density (= Hi ND words). All words were highly familiar (with familiarity ratings of 6 or greater on the 7-point Hoosier Mental Lexicon scale). For the words used in this study, the mean ND was 45.4 and the mean number of neighbors was 17.9. The full stimulus list is given in the table below. Recordings for stimulus generation were recorded by a single phonetically-trained male native speaker of English using an Earthworks M30 microphone in a sound-attenuated booth. In addition to the 16 target words described above, the speaker produced 32 words or nonwords required for the nasality manipulation (described below). Each word was recorded four times from a wordlist (with nonwords transcribed in IPA).
Degree of vowel nasality was manipulated by additively combining the waveform of a nasal or oral "donor" vowel with the waveform of the target "recipient" token in varying proportions by formula using Praat to create a vowel with an increased or decreased degree of nasality, relative to the original "recipient" vowel (Styler, Scarborough and Zellou, 2011) . The "recipient" was one of the test words; the "donor" vowel was extracted from a monosyllabic word matching the recipient for vowel quality and surrounding consonant place of articulation but containing either an NVN sequence (to increase the recipient's nasality) or a CVC sequence (to decrease the recipient's nasality). The vowels from both words were automatically isolated and adjusted to match for duration and pitch contour using a Praat script. The vowel waveforms were then additively combined, with incrementally adjusted proportions (recipient + 0*donor, recipient + 0.2*donor, recipient + 0.4*donor, etc.). Each resulting vowel was spliced back into the original recipient word context. Hence, this process yields a series of identical target words differing along a continuum of degree of nasality from which tokens with the desired degree of nasality can be selected for each test word.
Vowel nasality can be calculated in terms of the relative amplitudes of the first nasal peak (=P0, usually around 250 Hz, which increases in amplitude with increased nasality) and the first formant peak (=A1, which decreases in amplitude with increased nasality) (Chen, 1997) . A1-P0 decreases as vowel nasality increases. In a study of the production of nasalization in English, Chen (1997) found that the average across 8 speakers for oral vowels vs. coarticulatorily nasalized vowels was a range of around 6 in difference of A1-P0. The average difference in degree of nasal coarticulation between Hi ND VN words and Lo ND VN words is reported to be around 1 (Scarborough, 2012 ). In the current study, we selected tokens to create a more extreme degree of difference: the average change in degree of nasality from the natural to the modified conditions (either increased for more nasal or decreased for less nasal) was about 3 A1-P0. The mean A1-P0 values measured for the natural "recipient" test words (average over all repetitions) and the "less nasal" and "more nasal" manipulated words are given in the figure below. FIGURE 1. Average nasality (in A1-P0) for the "less" and "more" stimuli, compared to the originally elicited words.
"More" nasal stimuli were used in experiment 1 and "less" nasal stimuli were used in experiment 2. Both sets of stimuli were presented to participants in the same manner, using the procedure described below.
Procedure
Subjects participated in a lexical repetition task, also known as shadowing, and a word-naming task. First, all participants completed a pre-test block designed to collect a baseline nasality degree and range for target words. In this pre-test block, participants completed a word-naming task where they were instructed to read the target words as quickly and clearly as possible, which were presented sequentially in randomized order in the center of the computer screen. A 500ms blank screen appeared between presentation of stimuli. Responses were recorded digitally with a 44kHz sampling rate.
A test block was presented directly following the pre-test block. In the test block, participants completed a forced-choice listening task followed by a shadowing task. In the listening task, participants heard each target word while two words were presented orthographically on the computer screen. Trials proceeded automatically following the mouse click indicating the listener's decision of which word had been heard. This task was repeated three times. Following the listening task was the shadowing task, where participants were instructed to repeat the word they heard as clearly and naturally, but as quickly and accurately, as possible. Response times (RTs) were recorded from the offset of word presentation to onset of repetition, through a button box with voice key functionality. In addition, the spoken responses were recorded digitally. Each participant also repeated this task three times. In both tasks, stimuli were presented auditorily over headphones.
The post-test block was a word-naming task identical to the pre-task block, where participants read target words presented visually on a computer screen. Again, spoken responses were recorded digitally.
Nasality Measurements
Nasality was measured acoustically as A1-P0 (described in section 2.2 above) for the nasalized vowel in each spoken response. A1-P0 measurements were made automatically via script in Praat at three time points per vowel (beginning, midpoint, and end) and then hand verified. 
Results
Experiment 1: Nasality Increased
In Experiment 1, listeners were exposed to stimuli with an increased degree of nasality (i.e., where the direction of manipulation enhances natural neighborhood-conditioned patterns). A1-P0 values for the three vowel time points in the three test conditions are given in Figure 2 below, averaged across participants. Compared to the pre-test baseline values, A1-P0 is decreased (i.e., nasality increased) in the shadowing condition, especially at the mid and end points closer to the nasal coda. In the post-test condition, A1-P0 values do not differ from the pre-test baseline, except at the endpoint of the vowel, directly adjacent to the nasal coda. Aggregated across all time points, A1-P0 values drop about 1 unit from Pre-test (5.59) to Test (4.57). A1-P0 data from this more-nasal stimulus experiment were fitted to a linear mixed-effects regression model with Task/Block set as a fixed effect (Pre, Test and Post) and Subject as a random effect. The coefficients of this model, given in Table 2 below, indicate that the Test block condition has significantly smaller A1-P0 (more nasality), while the Post block condition is not different in degree of nasality from the Pre-test condition. 
Experiment 2: Nasality Decreased
In Experiment 2, listeners were exposed to stimuli with a decreased degree of nasality (i.e., where the direction of manipulation counters natural neighborhood-conditioned patterns). A1-P0 values for the three vowel time points in the three test conditions are given in Figure 3 below, averaged across participants. Compared to the pre-test baseline, A1-P0 is increased (i.e., nasality decreased) in the test condition across the entire duration of the vowel. This decrease in nasality is also maintained in the post-test condition. Table 3 shows the coefficients of a linear mixed effects regression model on A1-P0 from the less-nasal stimulus experiment with a fixed effect of Task/Block and a random effect of Subject. Each Block shows a significant effect at p<.001 and positive coefficients, confirming that speakers are less nasal (demonstrated by greater A1-P0) in both the Test and Post-test conditions. 
Discussion and Conclusion
This study looked at the imitation of nasality in words from dense neighborhoods, which naturally have a greater degree of nasality compared to words from sparse neighborhoods. Using stimuli that were manipulated via spectral mixing, two experiments were conducted to test whether participants would imitate either more nasality or less nasality than in natural productions.
The experiments revealed that both an increase and a decrease in nasality can be imitated. These results indicate that speaker/listeners are sensitive to and can model non-contrastive phonetic detail, which subsequently could change their patterns of speech production. (Although vowel nasality is noncontrastive in English, it should be noted that it is not phonologically irrelevant. Nasal coarticulation has been shown to be a usable cue to an upcoming phonologically nasal segment (Ali et al., 1971) . This also means that detail in nasality is perceptible and controllable.
It is important to point out that it was the increase or decrease in degree of nasality that was imitated, not the actual overall degree of nasality, as the speaker serving as the imitation model happened to be more nasal overall than any of our subjects. We interpret this to mean that degree of nasality was normalizedinterpreted relative to the oral fillers-then imitated.
Recall as well the finding that the imitation of nasality degree persisted into a post-shadowing task only for the less-nasal experiment stimuli. This suggests that the naturalness of a feature affects its imitation. Less nasal is less natural for High ND words. This unnatural modification, then, may have been more perceptually salient, allowing it to be more persistent into the post-test task. Thus, "long-term" imitation may require some sort of explicit deviation from naturally-occurring patterns. This would seem to counter the claim by Mitterer and Ernestus (2008) that phonetic detail is more likely to be imitated if it is phonologically relevant, since unnatural modifications would seem to be less phonologically relevant. However, that degree of nasality is attended to at all, such that its naturalness or unnaturalness would be salient to listeners, may be due to the fact, pointed out above, that coarticulatory nasality can be used to 
